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Abstract. Fertilization and parthenogenic activation of

oocytes of the surf clam, Spixula solidissima. require the

presence of calcium in the extracellular medium. Here

we report that the depletion of calcium causes a dramatic

increase in the stability of the vitellinc envelopes (VE).

On the basis of this effect, we have developed a method of

isolating intact VE and have studied their morphology,

composition, and properties. Experiments using
45 Ca: +

have revealed that isolated VE bind calcium in a weak,

but specific way. These findings suggest that the function

of calcium may be to maintain the oocyte surface in a

fertilization-competent state, while the reactions subse-

quent to the initial activation event, and leading to

nuclear envelope breakdown (NEBD), may not require

calcium. In support of this hypothesis, we have demon-
strated that hypertonic conditions induce the oocytes to

undergo NEBDin the absence of extracellular calcium.

Introduction

Development of the oocytes of most animal species is

discontinued at a certain stage of meiosis, usually at the

G2 /M border (Masui and Clarke, 1979; Mailer and

Krebs, 1 980; Mailer, 1985). The oocytes can remain in a

state of arrest for long periods and then resume the mei-

otic process as a response to external signals. In most ver-

tebrates, these signals are hormone-like substances

(Mailer and Krebs, 1980; Mailer. 1985). In S/>/.s -nla. prog-

ress into M-phase is induced by fertilization or by a num-
ber of physical or chemical stimuli, such as UV-light or

changes in the ionic composition of the medium (Allen,

Abbreviations: VE. vitelline envelopes; NEBD, nuclear envelope

breakdown; MFSW, millipore-nltered seawater; CFSW. calcium-tree

seawater; MPF, M-phase promoting factor.

1953). Whatever the nature of these signals, one of their

early biochemical effects is believed to be the activation

of a pleiotropic enzymatic system, termed M-phase pro-

moting factor (MPF) (Masui and Markert, 1971; Smith

and Eckert. 1971; Wuand Gerhart, 1980; Arion et al..

1 988; Draetta <'/<//.. 1989; Dunphy el al., 1988;Gautier

et al., 1988; Lohka et al., 1988; Murray and Kirschner,

1989). Activation of MPF is supposed to trigger path-

ways leading to different M-phase specific events (i.e.,

NEBD, condensation of chromosomes, formation of the

mitotic spindle, karyokinesis, etc.).

Fertilization of the oocytes of the surf clam requires

the presence of calcium in the extracellular medium (Al-

len, 1953;Schuetz, 1975;Jaffe, 1983, 1985). The mecha-

nism of action of calcium is not known. Calcium has

been put forward as a cofactor of protein kinase C (Dube
el al.. 1987; Eckberg el al.. 1987). Alternatively, genera-

tion of the activating signal may require an interaction

of calcium with the surface of the oocyte, as shown for

other species (Moreau et al., 1976; Schroderet-Slatkine

el at.. 1976).

The experiments described in this paper were initiated

to distinguish between these two mechanisms. Wehave

obtained evidence suggesting that calcium interacts with

the oocyte surface. The depletion of calcium has a strik-

ing effect on the stability of the vitelline envelope (VE),

an extracellular structure surrounding the oocyte and

closely associated with the plasma membrane. This find-

ing has allowed us to develop a method of isolating pure

VE, and to characterize them by biochemical and ultra-

structural methods. Further, we have demonstrated that

the isolated VE possess weak calcium-specific binding

sites. Our observations suggest that the role of calcium

may be to maintain the Spisida oocyte surface in a fertili-

zation-competent state, rather than to participate as a co-
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factor in the enzymatic pathway leading to NEBD. In

agreement with this view, we have demonstrated that

treatments with hypertonic solutions of NaCl or glycerol

induce the oocytes to resume maturation in the absence

of extracellular calcium.

Materials and Methods

Surf clams were supplied by the Department of Ma-

rine Resources at the Marine Biological Laboratory

(Woods Hole, Massachusetts). The oocytes were ob-

tained by dissection of the ovaries of female animals and

were then washed four times with Millipore-filtered sea-

water (MFSW) (Allen, 1953).

The proportion of oocytes that had undergone NEBD
was scored by phase contrast microscopy. For electron

microscopy, pellets of isolated VE were fixed in 1% glu-

taraldehyde in phosphate-buffered saline (pH 7.5), post-

fixed in OsO4 , embedded in Epon, and sectioned. Pro-

teins were fractionated by SDSPAGE(Laemmli, 1970).

Protein was determined by the method of Lowry el al.

(1951), and carbohydrates by the phenol/sulfuric acid

method, as described by Ashwell (1966).

The binding of
45 Ca2 "

f

to isolated VE was studied as

follows. The VE were washed 5 times, each time in 200

volumes of binding buffer (0.25 M sucrose, 10 mM
Pipes -NaOH, pH 7.2, 5 mMKG, and 1 mg/ml bovine

serum albumin), and resuspended in binding buffer at a

protein concentration of 200-250 Mg/ml. Aliquots of this

suspension were incubated for 30 min at room tempera-

ture in the presence of [

45
Ca]CaCl : (New England

Nuclear; specific radioactivity 20 mCi/mg) at different

concentrations of CaCl 2 . At the end of the incubation,

aliquots were taken for determination of the total radio-

activity. The samples were then centrifuged in an Ep-

pendorf microfuge for 5 min, and a second set of aliquots

was taken from the supernatant to determine the un-

bound radioactivity. The binding was calculated from

the difference between the two measurements. The walls

of the tubes adsorbed less than 3% of the radioactivity.

The presence of bovine serum albumin, which was nec-

essary to minimize the adhesion of the VE to the plastic,

did not affect the results. At all Ca2+
concentrations stud-

ied, 30 min of incubation was sufficient to reach a con-

stant ratio between free and bound calcium.

Results

Depletion of calcium leads to stabilization

of the oocyte VE

In our first experiments, we studied the stability of the

VE in the presence or absence of calcium. Oocytes were

extensively washed with MFSWor calcium-free seawater

(CFSW) and then vigorously homogenized in an all glass

Table I

Effect of different treatments on the stahilily oj the vilelline envelopes

oj surf clam oocytes

Treatment of oocvtes State of the VE

10% glycerol, 1 5 mMphosphate buffer,

pH 8, 0.5% NP-40

10% glycerol, 1 5 mMphosphate buffer,

0.5% NP-40. and 20 mMEGTA
SDS, 0.2%

SDS, 0.2% in 20 mMEGTA
4 Murea

4 Murea in 20 mMEGTA

Solubilized in 10 min at

20C
No lysis

Solubilized in 10 min at

20C
No lysis

Solubilized in 10 min at

20C
No lysis

homogenizer. After 20 strokes by hand, more than 90%

of the oocytes suspended in MFSWwere broken and

their VE were extensively fragmented. After the same

treatment, only about 30% of the oocytes in CFSWwere

broken and, more important, the VE of the broken cells

were nearly intact empty shells. These results suggested

that the presence of calcium strongly affects the mechani-

cal stability of the VE.

Further experiments revealed that a similar effect

could be observed upon treating the oocytes with re-

agents disrupting protein-protein interactions, such as 4

Murea, 0.2% SDS, and with a solution containing 1 .4 M
glycerol, 15 mMphosphate, pH 8.0, (with or without 50

mMKG), which destabilizes the VE (Rebhun and

Sharpless, 1964; Dessev and Goldman, 1988), followed

by 0.5% NP-40. In all these cases, if the samples con-

tained 1-10 mA/CaCl 2 , the oocytes lysed and nearly all

of the VE were dissolved, as observed by phase contrast

optics (Table I). In contrast, when the samples contained

5-10 mMEGTA, the cells did not lyse and the integrity

of the VE did not seem to be affected (Table I). The

EGTA-induced stabilization of the VEwas reversible: af-

ter addition of CaCl 2 to an excess of 10 mM, the VE un-

derwent fragmentation over a period of 10-20 min and

finally dissolved, which was accompanied by lysis of the

oocytes. EGTAcaused stabilization of VE when added

both before and after the oocytes had undergone NEBD
following KC1 activation.

These results demonstrate that calcium strongly affects

the mechano-chemical properties of the VM: in the pres-

ence of EGTA, a marked stabilization of these structures

occurs, rendering them resistant to conditions which

would completely solubilize them in the presence of cal-

cium.

Isolation ofVE

The EGTA-induced stabilization of the VEallowed us

to develop the following procedure for their isolation.
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Figure 1. VE isolated as described in the text. Phase contrast. Bar.

20 urn.

Oocytes were sedimented by gravity from 500 volumes

of CFSWcontaining 10 mMEGTA, and washed two

times with 50 volumes of a solution containing 40 mAl

PIPES (pH 7.2), 100 mMNaCl, 10 mMKC1, 5 mM
MgCl : , 50 mMEGTA, and 10 mA/dithiothreitol. The

cells were then vigorously homogenized with an all-glass

homogenizer in 20 volumes of the same solution at 0C.

The homogenization was continued, with intermittent

microscopic control, until virtually all cells were lysed.

The homogenate contained empty VE, cytoplasmic

granules, and small nuclear fragments. The sample was

centrifuged for 10 min at 2000 r.p.m. in a TJ-6 Beckman

centrifuge. The crude VE pellet was resuspended in the

same solution containing 0.25 Msucrose and 0.5% NP-

40, and the structures were sedimented again at 2000

r.p.m. The latter step was repeated two more times, yield-

ing a preparation of pure VE (Figs. 1, 2).

If the same procedure was performed on oocytes

washed with MFSW,and if the homogenization solution

contained 1 mMCadi instead of EGTA, then the VE
were broken into small fragments, which were impossi-

ble to purify.

Infrastructure

Electron micrographs of isolated VE reveal a structure

generally similar to that observed earlier by others (Re-

bhun, 1962; Longo and Anderson, 1970) on sections of

whole oocytes (Fig. 3). The structures consist of a contin-

uous layer of amorphous material, 40-80 nm thick, sur-

rounding the remnants of the microvilli, or spaces for-

merly occupied by microvilli, located in approximately

hexagonal arrays. The inner surface of the VE is associ-

ated with smooth sheets or oval-shaped vesicles, which

may originate from the oocyte plasma membrane. These

sheets, as well as the remnants of the microvilli, probably

represent residual, non-lipid. "skeletal" structure of the

plasma membrane, as suggested by their resistance to the

extensive washing with NP-40.

Our micrographs also reveal an outermost filamentous

layer, located above the microvilli, perhaps originating

from the oocyte jelly coat. This layer appears less elec-

tron-dense than the material surrounding the microvilli.

It is separated from their tips by a narrow space which

contains a large number of spherical bodies. These bod-

ies are uniform in size (35-40 nm in diameter) and ap-

pear to have smooth envelopes.

Composition and properties

The isolated VE contain 55% protein and 45% carbo-

hydrate. They show a complex SDSPAGEpattern (Fig.

4). A treatment of the VE with proteinase K. (1 p.g/^\ at

room temperature) leads to their dispersal in less than 1

min, suggesting that protein components are important

for their structural integrity. Upon exposure to distilled

water, the VEexpand up to 50% in diameter. The honey-

comb-like structure of the expanded VE can be clearly

observed in phase contrast (Fig. 2). Purified VE can be

kept frozen at -80C, which does not affect their mor-

phology or other properties.

Binding of
45 Ca2+

to isolated VE

The stabilizing effect of EGTAdescribed above sug-

gested a direct interaction between the VE and calcium.

To verify this, we studied the binding of
43 Ca:+

to iso-

lated VE. Our results showed that at each concentration

of Ca21 an equilibrium between free and VE-bound cal-

cium was established, such that between 60% and 70%.

Figure 2. VE isolated as described in the text and resuspended in

distilled water for 10 min at room temperature. Phase contrast. Bar. 5
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Figure 3. Electron micrographs of sections of isolated VE. (A, B), Bar, 1 ^m; (C, D), Bar, 100 nm. A
continuous layer of amorphous material, 40-80 nm thick, surrounds the remnants of the microvilli, or

spaces formerly occupied by microvilli, located in approximately hexagonal arrays. The inner surface of

the VE is associated with smooth sheets or oval-shaped vesicles (arrowheads), which also deliniate the

microvilli. A filamentous layer located above the microvilli is seen (open arrows). It is separated from their

tips by a narrow space, which contains a large number of spherical bodies, 35-40 nm in diameter, sur-

rounded by smooth envelopes (solid arrows).

of the input calcium cosedimented with the VE at con-

centrations of Ca2+ below 10 t*AI (Fig. 5). Practically all

of the bound radioactivity could be removed by several

washings of the pellet with binding buffer. As the concen-

tration of Ca2+
increased, the ratio bound Ca:

Vinput
Ca:+

declined, and the binding reached an apparent satu-

ration between 10 mMand 40 mA/ Ca2+
at approxi-

mately 6 Mgbound Ca2+
per mgVE-protein (Fig. 6). De-

spite the low affinity of the VE for Ca'
+

, the binding was

specific, as demonstrated by Mg
2 ^

competition experi-

ments (Fig. 7). A 1000-fold excess of Mg
2 *

suppressed
the binding of

45 Ca2+
by less than 50%; under the same

conditions a much stronger competition by unlabeled

calcium was observed (Fig. 7).

Hypertonic conditions induce oocylc activation in l/ic

absence of extracellular calcium

Although our results suggested that the action of cal-

cium is restricted to the oocyte surface, they did not pre-

clude the possibility that the stabilization of the VE and

the inhibition of oocyte activation are two independent
effects of calcium depletion. To obtain more evidence

concerning this possibility, we studied the dependence of
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Figure 4. SDS PAGEof isolated VE in 7.5')!. gel. The positions of

the molecular weight markers are shown.

oocyte activation on calcium, using hypertonic solutions

(Allen, 1953) such as 1.4 Mglycerol and 1.2 MNaCl as

activating agents. The rationale for these experiments
was the following.The initial events that induce the oo-

cytes to resume maturation are believed to involve cell

depolarization caused by changes in permeability (Fin-

kel and Wolf, 1978;Jaffe, 1983, 1985). Our experiments

suggested that calcium, by interacting with the oocyte
surface, maintains the latter in a structural state neces-

sary for these events to occur. Wehypothesized that un-

physiological treatments, such as osmotic shock, might
disturb the permeability barrier at the oocyte surface and
lead to depolarization and activation in the absence of

calcium. Furthermore, glycerol, known to "soften" the

VE (Rebhun and Sharpless, 1964), might be expected to

90 -
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001

Ca2+ CONCENTRATION(mM)

Figure 6. Binding of 45 Ca-
+

to isolated VE was determined under
the same conditions as in Figure 5, but at Ca2+

concentrations up to 40
mM.

counteract the EGTA-induced stabilization which was

thought to prevent the oocyte activation.

Wefound that the oocytes could be activated in CFSW
containing glycerol and 50 mMKG. The proportion of

activated oocytes did not change linearly with glycerol

concentration, but increased abruptly around 10% (1.4

M) glycerol, suggesting a correlation between activation

and hypertonicity (Fig. 8). No activation occurred in

CFSWand 50 mMKC1 alone. Activation (30-50%) was
also observed in solutions containing 1.4 Mglycerol, 20
mMNa-phosphate (pH 8.0), 50 mMKC1, and 30-80
mMEGTA(not shown).

In another series of experiments, we used a procedure

involving concentrated solutions of NaCl to activate the

cells (Allen, 1953). Oocytes were extensively washed in

CFSWand resuspended in a mixture of CFSWand 0.2

MEGTA (1:1). To this sample, 0.25 volumes of 5 M
NaCl were added to a final NaCl concentration of 1.2

M. After 15 min at 18C, the cells were sedimented and

o
z

Ca 2+ INPUT (pmoles)

Figure 5. Binding of
45 Ca :+

to isolated VE at low concentrations of
Ca:f

. VE suspended in binding buffer at a protein concentration of 250

Aig/ml were incubated with different amounts of 45 Ca : *
in a final vol-

ume of 0.1 ml. The binding was determined as described in Materials

and Methods.

10 100

MOWREXCESSOFCOMPETITOR

1000

Figure 7. Binding of 45 Ca:+
(initial concentration 0.5 nM) to iso-

lated VE in the presence of increasing concentrations of Mg
2+

(open

symbols) and Ca: *

(closed symbols).
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Figure 8. Activation of oocytes in glycerol solutions. Oocytes were

suspended in CFSWcontaining 50 mA/ KCl and glycerol at the indi-

cated concentration. Thirty minutes later, the percentage of oocytes
that had undergone NEEDwas scored.

resuspended in the same solution without NaCl. Twenty
minutes later, the proportion of oocytes that had under-

gone NEBDwas determined. The results varied between

40% and 80% activation in different experiments.

These studies demonstrate that under hypertonic con-

ditions the oocytes can be activated in the absence of ex-

tracellular calcium.

Discussion

Our results suggest that calcium interacts with the VE
of the surf clam oocytes and that this interaction may be

important for maintaining the oocyte surface in a fertili-

zation-competent state. This conclusion is based on the

correlation between our experimental findings and the

biological properties of the system. Thus, (a) depletion of

calcium inhibits fertilization and causes a marked in-

crease in the stability of the VE. Both effects are revers-

ible upon addition of calcium, (b) The weak binding of

calcium to isolated VE correlates with the seemingly
weak binding of biologically important calcium; a brief

washing with a calcium-free medium prevents fertiliza-

tion or activation of the oocytes. (c) Mg:+
does not sub-

stitute for calcium in the process of activation, nor does

it compete significantly with
45 Ca2+

binding in vitm.

A mechanism of action of calcium involving an inter-

action with the oocyte surface is consistent with studies

on other species. Thus, introduction of calcium into

zones near the surface ofXenopus oocytes leads to their

activation, whereas calcium introduced deeper into the

oocyte interior has no such effect (Moreau ct a/.. 1976).

Similarly, treatment of the Xenopus oocyte surface with

lanthanum (considered a calcium-mobilizing agent), but

not its microinjection into the oocyte, induces matura-

tion (Schorderet-Slatkine et a/., 1976).

The effect of phorbol esters on oocyte activation sug-

gests that calcium- and phospholipid-dependent protein

kinase C may be involved in the initial stages of matura-

tion (Dube ct ul.. 1987; Eckberg el a/.. 1987). Schuetz

( 1 975) has concluded that, in the clam, calcium is rapidly

equilibrated across the oocyte membrane, and the pres-

ence of calcium in the medium is needed to supply intra-

cellular calcium. However, this does not seem to be the

case, because hypertonic conditions cause oocyte activa-

tion in the presence of EGTA.
These results can be explained in two ways. Either (a)

the hypertonic treatment releases calcium from EGTA-
inaccessible intracellular sources, or (b) the reactions

leading to NEBDdo not require calcium. Although we
cannot, at present, distinguish between these two expla-

nations, the second one agrees with our finding that

NEBDin a Spisula oocyte cell-free system does not re-

quire calcium (Dessev ct a/., 1 989). Moreover, cytosolic

extracts from unstimulated Spisula oocytes, which are

initially inactive in NEBDin vitro, can be activated in

the absence of calcium (Dessev, unpub. results). Sim-

ilarly, the MPFsystem, which is considered as an univer-

sal M-phase regulator, appears to function in a calcium-

independent way and is stabilized by EGTA (Wu and

Gerhart, 1 980; Arion etal., 1 988; Dunphy and Newport,
1988;Lohka>/0/., 1 988).

Activation factors, such as fertilization, UV light, and

KCl require extracellular calcium (Allen, 1 953). We
have shown that other agents, such as hypertonic solu-

tions of glycerol and NaCl, are capable of inducing matu-

ration in the absence of calcium. Since glycerol and NaCl
are chemically different, they are likely to act via osmotic

changes, forcing membrane depolarization to occur even

when the surface is structurally altered by depletion of

calcium and is not susceptible to the action of other acti-

vation factors.

The chemical nature of the calcium binding to the VE,
which is both weak and specific, as well as the nature of

the structural and functional changes in the VE induced

by calcium, remain interesting subjects for further

studies.
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